Foscarnet is widely used for the treatment of acyclovir-resistant herpesvirus infections, and foscarnetresistant herpesvirus infections are a serious concern in immunocompromised patients. Twenty-seven singleplaque isolates of herpes simplex virus type 1 (HSV-1) resistant to foscarnet were selected from foscarnet-and acyclovir-sensitive HSV-1 strain TAS by exposure to foscarnet, and the DNA polymerase genes were analyzed. The sensitivities of these mutants to foscarnet, cidofovir, S2242, acyclovir, ganciclovir, and penciclovir were determined. A single amino acid substitution, double amino acid substitutions, and a combination of a single amino acid substitution with a deletion or insertion of amino acid residues in the viral DNA polymerase were demonstrated in 21, 4, and 2 isolates, respectively. Of the 27 isolates, an amino acid substitution of serine for asparagine at amino acid position 724 in the DNA polymerase (724 S-N) was detected in 8 isolates. An amino acid substitution in conserved region II was demonstrated in these eight isolates as well as four other isolates. The mutation in the DNA polymerase responsible for resistance to foscarnet was located between the pre-IV region and conserved region V, especially within conserved region II. All the isolates were sensitive or hypersensitive to cidofovir and ganciclovir. Seven, 5, and 15 of the 27 isolates were also sensitive to S2242, acyclovir, and penciclovir, respectively. Thus, most of the foscarnet-resistant HSV-1 isolates were sensitive or hypersensitive to cidofovir and ganciclovir.
The number of immunodeficient patients, such as those with bone marrow transplants or AIDS, has been increasing. Treatment strategies for herpes simplex virus (HSV) infections in these patients have become a major concern, because immunocompromised patients often experience recurrent or chronic herpesvirus infections. Among the herpesvirus infections, HSV type 1 (HSV-1), HSV-2, and varicella-zoster virus infections are usually treated with acyclovir (ACV). ACV treatment sometimes induces ACV-resistant (ACV r ) infections in these patients. ACV r herpesvirus infections are treated with foscarnet (PFA), a pyrophosphate analogue (1, 3, 5, 7, 10-12, 14, 16, 17, 20, 22, 28, 29, 32, 35) , and ACV r and/or PFA-resistant (PFA r ) herpesvirus infections are also treated with cidofovir (CDV), an acyclic nucleoside analogue (4, 5, 19, 31) . These two drugs are commonly prescribed for the treatment of herpesvirus infections.
There have been many reports on PFA r HSV-1 and HSV-2 infections (4, 6, 8-10, 18, 19, 23, 28, 30, 33) . Therefore, it is important to study the sensitivities of PFA r HSV-1 strains to other antiviral agents with different mechanisms of action against viral strains and to characterize PFA r viruses genetically. In the present study, we independently selected 27 PFA r HSV-1 isolates to clarify their genotypic characterizations and also determined their sensitivities to other antiherpesvirus drugs. The therapeutic strategies used for the treatment of PFA r HSV-1 infections are also discussed in light of the results of the present study as well as those of previous studies.
MATERIALS AND METHODS

Virus and cells.
An ACV-sensitive and PFA-sensitive HSV-1 strain, strain TAS, isolated from a patient with Wiskott-Aldrich syndrome (25, 26) was used in this study. An African green monkey kidney cell line (Vero cell line; American Type Cell Collection) was used for the selection of PFA r HSV-1 isolates and the plaque reduction assay. Vero cells were grown in Eagle's minimum essential medium (MEM) containing streptomycin and penicillin G and 5% fetal bovine serum (FBS) (MEM-5FBS). Vero cells were cultured in MEM containing the two antibiotics and 2% FBS (MEM-2FBS) when they were used for virus growth. Antiviral agents. The antiviral agents used in the present study were selected on the basis of their different mechanisms of action for inhibition of virus replication. The antiviral agents used were PFA, ACV, and ganciclovir (GCV) (Sigma-Aldrich Chemical Company, St. Louis, Mo.); penciclovir (PCV; SmithKline Beecham, West Sussex, United Kingdom); CDV (Gilead Sciences, Foster City, Calif.); and 2-amino-7-[(1,3-dihydroxy-2-propoxy)methyl] purine (S2242; Hoechst, Frankfurt, Germany). PFA is a direct DNA polymerase inhibitor (2) . ACV, GCV, and PCV are viral thymidine kinase (TK)-associated antiherpesvirus drugs (2, 34) . S2242 possesses anti-HSV-1 and anti-HSV-2 activities, but it displays no TK-associated activity (2, 21) . Except for S2242, all the drugs are available in the clinical setting.
Selection of PFA r HSV-1 isolates. HSV-1 isolates were selected by exposure of wild-type HSV-1 strain TAS to PFA, as summarized in Fig. 1 . First, 30 plaquepurified wild-type HSV-1 TAS isolates were obtained. Plaque purification was carried out by selecting viruses that formed plaques in cell culture overlaid with MEM-2FBS with 1% agarose. The plaque purification was performed twice at this step. Next, each of the plaque-purified HSV-1 isolates was propagated independently in Vero cells in the presence of PFA at a concentration of 4 g/ml, and the virus produced was then inoculated onto cells cultured in MEM-2FBS with PFA at a concentration of 10 g/ml. The concentration of PFA was gradually increased from 4 to 10, 40, 100, and finally, 200 g/ml. Plaque purification was carried out for each of the HSV-1 TAS isolates propagated in the presence of PFA at 200 g/ml in order to obtain a single isolate from each of the virus solutions. Plaque purification was also performed twice at this step. The plaque-purified HSV-1 isolates were first grown in Vero cells seeded into a culture flask (25 cm 2 ), and the cells were then frozen and thawed once to make the working virus solution. Multiple passage of the virus was avoided. The purified HSV-1 isolates were subjected to further analyses of their sensitivities to antiviral agents and genotypic characterization.
Plaque reduction assay. HSV-1 TAS and the mutant HSV-1 isolates, which were selected from the infected cells in MEM-2FBS with PFA, were tested for their sensitivities to PFA, CDV, S2242, ACV, GCV, and PCV by plaque reduction assay, as described previously (25) (26) (27) (28) . The 50% inhibitory concentration (IC 50 ) of each antiviral agent was calculated as the concentration at which the plaque number decreased to half of that in medium without antiviral agents. Five of the purified HSV-1 TAS isolates (isolates 1S to 5S in Fig. 1 and Table 1 ) were chosen and tested for their sensitivities to the antiviral agents. The IC 50 s of the antiviral agents tested for the five isolates were determined, and then the log 10 values of the IC 50 s were calculated. The average values and standard deviations (SDs) of the log 10 values of the IC 50 s for isolates 1S to 5S were then calculated. The virus isolates for which the IC 50 s were higher than 10 average ϩ 3 SDs and those for which the IC 50 s were between 10 average ϩ 3 SDs and 10 avereage ϩ 2 SDs were defined as highly resistant and moderately resistant, respectively. The mutants for which the IC 50 was 10 average Ϯ 2 SDs were defined as sensitive to the antiviral agents. Furthermore, the virus isolates for which the IC 50 was between 10 average Ϫ 2 SDs and 10 average Ϫ 3 SDs and those for which the IC 50 was less than 10 average Ϫ 3 SDs were defined as moderately sensitive and highly sensitive, respectively.
Sequencing. The nucleotide sequences of the DNA polymerase genes of HSV-1 TAS and the mutant isolates were determined by direct sequencing methods, as described previously (28) . The nucleotide sequence of HSV-1 TAS was identical to that of HSV-1 strain R98/0, which was also isolated from the same patient.
Nucleotide sequence accession number. The nucleotide sequence of HSV-1 TAS has been deposited in the DNA Data Bank of Japan (DDBJ; http://www .ddbj.nig.ac.jp/Welcome.html) under accession number AB070847 (28) .
RESULTS
Selection of PFA
r HSV-1 isolates. Thirty HSV-1 isolates were first plaque purified from HSV-1 strain TAS. A plaquepurified HSV-1 isolate, which was grown in MEM-2FBS with 200 g of PFA/ml, was successfully obtained from each of the 27 series of the 30 parent isolates. All 27 isolates were confirmed to express an intact TK polypeptide and TK activity by Western blotting and a TK activity assay, respectively, as reported previously (24) (data not shown).
Sensitivities to antiviral agents of HSV-1 isolates grown in the presence of PFA. Five plaque-purified isolates of HSV-1 TAS (isolates 1S to 5S) were tested for their sensitivities to the antiviral agents tested. The averages and SDs of the log 10 values of the IC 50 s of the compounds were calculated for each of the five isolates; and the reference values were calculated for determination of sensitivity or resistance to six antiviral agents: PFA, CDV, S2242, ACV, GCV, and PCV (Fig. 2) .
The sensitivity profiles of the isolates selected by exposure to PFA are shown in Table 1 and Fig. 2 . All 27 isolates selected after culture in MEM-2FBS with PFA were confirmed to be highly resistant to PFA. Although the virus isolates were selected in MEM-2FBS with PFA at a final concentration of 200 g/ml, PFA IC 50 s of less than 200 g/ml (range, 74 to Ͼ200 g/ml) were demonstrated for 14 isolates. On the other hand, all the PFA r HSV-1 isolates were sensitive to both CDV and GCV. Nine and 10 of the 27 PFA r isolates were highly sensitive to CDV and GCV, respectively (Table 1; Fig. 2) . Twenty, 22, and 12 of the 27 PFA r isolates were resistant to S2242, ACV, and PCV, respectively. The patterns of sensitivity of the PFA r HSV-1 isolates to S2242 were similar to those to ACV (Table  1 ; Fig. 2 ).
Genotypic characterization of DNA polymerase. Amino acid changes in the DNA polymerase were demonstrated in all 27 PFA r isolates, as summarized in Table 1 ; and these changes, along with those of the clinical isolates, are shown in Table 2 (10, 11, 15, 28, 30, 33) . A single amino acid substitution, double amino acid substitutions, and a combination of a single amino acid substitution with an amino acid insertion or deletion were demonstrated in 22, 3, and 2 of the 27 PFA r isolates, respectively. The single amino acid (I) deletion detected in the pre-IV region of the DNA polymerase in isolate 7 was at position 304. A unique repeat of nucleotide residues, GAATTCGAC AGC GAATTCGAGATG (identical sequences are underlined), was detected between nucleotide positions 1315 and 1338, counted from the initiation codon of the parent virus. The 12 nucleotide residues inserted into the conserved region IV gene, GAATTCGACAGC, which were detected in isolate 6, were identical to those found between nucleotide positions 1315 and 1326, resulting in the appearance of three repeats of this 12-nucleotide sequence, GAATTCGAC(G)AG(T)C(G), as GAATTCGACAGC GAATTCGACAGC GAATTCGA GATG, plus an additional insertion of four amino acid residues (EFDS). It is possible that this insertion occurred be- (Tables 1 and 2 ). An amino acid substitution in conserved region II was demonstrated in these 8 isolates as well as 4 other isolates (a total of 12 isolates [44%]) ( Table 2 ). The mutations detected in the DNA polymerase were located from the pre-IV region to conserved region V (Table 2) .
DISCUSSION
There have been many studies of laboratory-derived or clinically isolated PFA r HSV-1 and HSV-2 isolates; however, there have been no studies on the characterization of PFA r HSV-1 with a large panel of PFA r HSV-1 isolates. In the present study, 27 PFA r HSV-1 isolates were independently selected in vitro, and the sensitivities of these viruses to PFA (direct DNA polymerase inhibitor) and viral TK-unassociated antiviral drugs (CDV and S2242) or viral TK-associated antiviral drugs (ACV, GCV, and PCV) were determined. Furthermore, genotypic characterization of the DNA polymerase gene was performed. The findings of the present study are useful for the establishment of treatment strategies for and the diagnosis of PFA r HSV-1 infections. All of the 27 PFA r HSV-1 isolates were sensitive, moderately sensitive, or highly sensitive to both CDV and GCV, while 20 (74%), 22 (81%), and 12 (44%) of the isolates showed decreased sensitivities to S2242, ACV, and PCV, respectively. The mutations were detected from the pre-IV region to conserved region V. It is likely that conserved region II, in which the 724 S-N and 719 A-V mutations were demonstrated, is the hotspot for conferring PFA r resistance. The reported mutations in the HSV-1 DNA polymerase of a total of 13 clinical isolates are summarized in Table 2 . Six (46%) of the 13 isolates possessed the mutations responsible for resistance to PFA in conserved region II, and 3 of the 6 isolates possessed a mutation at amino acid position 724. The ratio of the appearance of mutations in conserved region II detected in the present study was similar to the ratio of mutations detected among these clinical isolates.
We recently detected a PFA r HSV-1 infection in a patient with congenital immunodeficiency (28) . The isolate was resistant to both PFA and ACV and possessed mutations in both the DNA polymerase and the TK regions that are responsible for PFA resistance and ACV resistance, respectively. Chibo et al. (10) , and PCV (F) for all 27 plaque-purified PFA r isolates that survived in the medium with PFA and those for the 5 plaque-purified wild-type HSV-1 TAS strains (gray bars, isolates 1S to 5S). The last five plaque-purified wild-type HSV-1 TAS strains are considered wild-type HSV-1. The 10 average Ϯ 2 SD and 10 average Ϯ 3 SD ranges of each compound calculated from the IC 50 s for plaque-purified isolates (isolates 1S to 5S) are shown. The former are the reference values for the determination of moderately sensitive and moderately resistant, while the latter are those for the determination of highly sensitive and highly resistant. The red, orange, yellow, green, and blue bars indicate highly resistant, moderately resistant, sensitive with normal range, moderately sensitive, and highly sensitive, respectively.
VOL. 49, 2005 GENOTYPIC CHARACTERIZATION OF FOSCARNET-RESISTANT HSV-1 609
on June 25, 2017 by guest http://aac.asm.org/ can be used for the treatment of most PFA r HSV-1 infections and that GCV can be used for the treatment of infections caused by PFA r HSV-1 without mutations in TK. These results emphasize that the sensitivities of clinical isolates from highrisk patients to the antiviral agents in clinical use should be monitored and that the proper antiviral agents should be selected for the treatment of these patients. If PFA r HSV-1 isolates are sensitive to ACV, PCV, or GCV, these drugs should also be used.
It was revealed that the pattern of sensitivity of the PFA r isolates to ACV was similar to that to S2242. These results strongly suggest that the active forms of ACV and S2242 may inhibit DNA polymerase activity via a similar mechanism. Double amino acid substitutions were detected in three isolates (isolates 5, 11, and 24). A 605 A-V mutation as well as a 327 A-T mutation was detected in isolate 5, and a 724 S-N mutation as well as a 916 A-V mutation was detected in isolate 11. The 605 A-V and 724 S-N mutations were also demonstrated in isolates 2 to 4 and isolates 10 and 12 to 17, respectively, indicating that these mutations alone can confer resistance to PFA and that it is unknown whether each of the mutations 327 A-T, detected in isolate 5, and 916 A-V, detected in isolate 11, alone can confer resistance to PFA. Furthermore, double amino acid substitutions of 565 A-G and 842 R-S were demonstrated in isolate 24. It is not clear whether each of the mutations detected in isolate 24 independently induce resistance to PFA or whether the combination of two mutations is necessary to confer resistance to PFA.
A combination of a single amino acid substitution and an amino acid deletion (in the pre-IV region) and a combination of a single amino acid substitution and an insertion of 4 amino acid residues (in conserved region IV) were demonstrated in one isolate each. The insertion or deletion of amino acid residues demonstrated in isolate 6 and isolate 7 should be addressed to determine whether they are responsible for PFA resistance. The amino acid substitutions detected in both isolates 6 and 7 were demonstrated in conserved region II. Although further analyses are need, it is likely that the single amino acid substitutions demonstrated in conserved region II can confer resistance to PFA.
As shown in Table 2 , mutations in the DNA polymeraseencoding regions of the clinical PFA r isolates responsible for PFA resistance were demonstrated between conserved regions II and VII. However, the mutations responsible for PFA resistance detected in the present study were located between the IV-D-region C and conserved region V ( Table 2) . Testing of the susceptibilities of clinical isolates to certain antiviral agents, including virus isolation and susceptibility testing, is time-consuming. Therefore, molecular techniques for determination of PFA resistance should be developed to save time while obtaining sufficient information on sensitivity to antiviral agents. For this purpose, the accumulation of data on the Pre (13) .
b The amino acid substitution was that detected in isolate 6 (Table 1) . c The amino acid substitution was that detected in isolate 7 (Table 1) .
nucleotide sequence of the DNA polymerase of wild-type HSV-1 strains and those of PFA r HSV-1 strains is necessary. In summary, 27 isolates of PFA r HSV-1 were selected in vitro; and sensitivities to six antiviral agents, PFA (direct DNA polymerase inhibitor), CDV and S2242 (drugs independent of viral TK for activation), and ACV, PCV, and GCV (drugs dependent on viral TK for activation), were investigated. Furthermore, genotypic characterization of these PFA r HSV-1 isolates was performed.
